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Abstract 
This paper proposes a new perception-based concept for force sensing in haptic systems. By using two different sensing principles, 
a better adaption to the human sensory system can be achieved. Based on the tactile and kinesthetic parts of haptic perception, this 
is done using different sensing principles, nominal ranges, bandwidth and degrees of freedom for each part. The requirements of 
each part are described in detail and possible realizations are investigated. The proposed concept allows for a better quality of 
haptic feedback at lower costs. 
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1. Motivation 
Haptic or – more often – tactile sensors are widely investigated in the fields of sensor technology and micro-
fabrication. However, only few commercial or scientific haptic teleoperation and teleaction systems are actually using 
force sensors in their design. This is most likely due to high costs compared to the unsatisfactory performance of 
available sensor concepts in haptic systems.  
If force sensors are used, they are mostly based on the piezoresistive effect in semiconductors [1] since only these 
allow a functional sensor output while maintaining a sufficient overload capacity for the interaction with human 
operators and adequate long-term stability. Due to the multi-axial sensitivity of these elements, readout and packaging 
is not trivial and therefore cost-intensive. Since these issues are not likely to be resolved in near future, a new force 
sensing concept based on several properties of human haptic perception is proposed. 
In the first section of this paper, the differences between human and technical force sensing are described. Based on 
this, requirements of the new sensor concept are derived. The third section will evaluate possible realizations of the 
sensor concept. 
2. Conventional Force Sensing vs. Human Force Perception 
Conventional force sensors (CFS) differ from the mechanisms of human force perception (HFP) at several points. 
The most relevant aspects for sensor design are the number of sensing elements, resolution, bandwidth, and the 
overload capacity. The differences are due to the different design objectives: while conventional force sensors are 
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developed for a clearly defined force sensing task, the human sensory system has to be highly adaptive to different 
situations [2]. Since teleoperation and teleaction systems are designed task-specific, the combination of conventional 
technologies and perception-inspired approaches seems promising for higher quality at lower effort.  
 
Regarding the number of sensor elements, conventional force sensors are normally based on a single sensing 
principle that is usually realized in a single physical sensor element. Principles differ for example in terms of operating 
bandwidth, scalability and mechanical parameters of the sensing elements. On the contrary, human force perception is 
mediated by four different mechanoreceptors in the skin (see Tab. 1 for an overview) and additional two receptors 
located at or in muscles or tendons [3]. These receptors are different in bandwidth, adaption rate and the size of their 
receptive fields, thus together comprising a very versatile sensory system. 
Tab. 1: Selected properties of tactile mechanoreceptors in the human skin, data taken from [4] 
 adaption  speed 
operating  
bandwidth 
receptive 
field size sensitive to 
Merkel disk slow static … 30 Hz small pressure, edges 
Ruffini ending slow static … 15 Hz large static and shear forces 
Meissner corpuscles fast 10 … 60 Hz small velocity changes, edges 
Pacinian corpuscels fast 50 … 1000 Hz large acceleration changes, vibrations 
 
Another main difference between CFS and HFP is the resolution. While all technical systems aim at linearity and 
an absolute resolution regardless of the magnitude of the force present, humans sense forces (and other quantities) 
relatively, i.e. the resolution is dependent on the magnitude. This relation holds for many sensory processes and is 
known as Weber’s Law in psychophysics. The quantity of a dimension that leads to a difference in sensation is termed 
the Just Noticeable Difference (JND).  
This JND is the key to other perception-inspired approaches in haptic system design like the perceptual deadband 
coding for haptic data compression [5] and one of the main elements of the proposed sensor concept. JNDs of forces 
are reported to be about 5 … 10 % for reference magnitudes greater than 5 dB above the absolute perception threshold 
[6]. They increase to values up to 20 dB when reference magnitudes become smaller [7].  
 
The third difference evaluated here is the operation bandwidth of both systems. While the whole HFP system is 
able to convey stimuli from static forces up to frequencies of 10 kHz [8], operating bandwidths differ for each type of 
mechanoreceptor (see Tab. 1). This is quite a similarity to conventional sensing principles.  
 
The last aspect considered is the overload capacity of CFS and HFP. While maximum overloads of 150 % are 
pretty common for sensors based on conventional metal foil strain gauges, piezoelectric transducers have practically 
unlimited overload capacity. The human sensory system exhibits quite large overload capabilities of up to 100 dB 
(determined as the difference between detection and pain threshold) [9]. Moreover, the HFP system is capable of 
handling overloads that are imposed from other directions just as well.  
3. A Perception-based Sensor Concept 
Based on the different properties of CFS and HFP a new sensor concept is developed. The concept is mainly based 
on the different resolution properties and proposes two force measuring principles that are inspired by the tactile and 
kinesthetic system of HFP. The two sensor elements are designed to mimic the properties of HFP, but also limitations 
by the teleoperation task are kept in mind.  
 
The segmentation of force sensing into two different principles originates mainly in the proportional resolution of 
HFP. Resolution and nominal range of the sensors are derived from the main tasks for the tactile and kinesthetic 
sensory system. While tactile interaction focuses on surface properties (i.e. texture recognition, braille reading) [13], 
the kinesthetic system allows for larger-scale interactions and the manipulation of objects [2]. The mechanoreceptors 
involved in these interactions determine the requirements for bandwidth, sensing degrees of freedom and the spatial 
resolution.  
The such derived tactile sensor will sense small forces with high spatial and amplitude resolution and high 
bandwidths. Since features of touch interaction are conveyed using forces lateral and normal to the skin, the sensor has 
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to be able to sense these. Alternatively, shear forces could be calculated from the force distribution in a sensing matrix. 
These options remain to be evaluated.  
The kinesthetic sensor has a lower resolution but much higher nominal forces. These forces should be sensed in 
three degrees of freedom (DoF), depending on the teleoperation task, additional sensing of moments could be 
necessary. This partition of DoFs between tactile and kinesthetic sensing elements is based on the assumption, that 
direction cues for forces are mainly sensed by force distributions or kinesthetic sensations. This is supported by 
several applications of lateral moved touchscreen surfaces that are felt by users as movements in normal directions 
[16]. A general topology of the sensor concept is shown in Fig. 1. Tab. 2 gives a summary of the derived requirements.  
 
Fig. 1: General topology of the proposed sensor concept 
Tab. 2: Requirements for each sensor part 
 tactile sensor kinesthetic sensor reference 
nominal force 1 N 20 N [7,13,14] 
force resolution 1 mN 50 mN [10] 
bandwidth 10 Hz … 3 kHz static … 50 Hz [8,15] 
degrees of freedom 1-2 (normal and lateral) 3 partition has to be investigated 
spatial resolution 1 x 1 mm², 20 x 20 element sensing matrix single point measurement [11] 
 
Possible realizations for both sensor parts were derived from a creative process based on the 6-3-5 method [12] 
with experts from the fields of haptics, MEMS, and sensor design. The graphical results were analyzed in terms of the 
functional parts of a sensor. These are type of the force application structure, mechanical-mechanical transduction, 
mechanical-electrical transduction, and the means of overload capacity. The results are given in Tab. 3. 
Tab. 3: Possible solutions for main functional parts 
 tactile sensor kinesthetic sensor 
force application 
structure 
direct coupling tactile sensor (see fig. 1) 
spherical structures  
mechanical-mechanical 
transducer 
direct coupling direct coupling 
deformation element deformation element 
mechanical translation (plate, shutter) functional part of haptic system 
undefined shape (fluid, gel)  
mechanical-electrical 
transducer 
capacitive (change of displacement) capacitive (change of displacement) 
piezoresistive (strain detection) piezoresistive (strain detection) 
resistive (strain detection) resistive (strain detection) 
optical (change of flux) intrinsic (actuator current) 
piezoelectric (tension detection)  
inductive (change of distance, permeability)  
magnetic (change of distance, flux)  
overload capacity 
support structure support structure 
transducer- intrinsic transducer- intrinsic 
 force shunting 
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4. Conclusions and Further Work 
To realize the proposed concept, additional psychophysical tests will be conducted to determine more detailed 
requirements. For example, the discrimination of force directions near threshold levels has to be investigated more 
precisely as well as the dominant sensory activities for direction discrimination. Given these, proper implementations 
can be selected and a prototype of the sensor will be designed. 
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